INTRODUCTION X-linked gene defects have long been considered to be important causes of mental retardation on the basis of the observation that mental retardation is significantly more common in men than in women. 1 This bias is largely due to the involvement of X-linked genes that have roles in brain differentiation and function. 2 Diagnosis of X-linked diseases has important implications for recurrence in the family. 3 X-linked mental retardation (XLMR) is subdivided into syndromic XLMR and non-syndromic XLMR forms, depending on the complications in addition to mental retardation that are identified upon physical examination, laboratory investigation and brain imaging. 1 Non-syndromic XLMR forms are characterized by 'pure' cognitive impairment, whereas many of the syndromic XLMR forms show additional complications, including epilepsy. Non-syndromic XLMR forms are more common than syndromic XLMR forms. 4 This method of classification has benefited both clinicians seeking diagnoses and researchers seeking causative genes. 1 Large cohorts of XLMR families have led us to the identification of more than 90 XLMR genes, 5, 6 which are distributed through the entire X chromosome. Studies of XLMR show heterogeneous observations for both clinical and genetic aspects; 7 therefore, it is suspected that many more genes are still uncharacterized, which would not be specific enough to guide mutation analysis for a specific XLMR gene. 3 Recently, we identified a de novo microdeletion of Xq11.1, including the cell division cycle 42 guanine nucleotide exchange factor (GEF)-9 gene (ARHGEF9; (MIM 300429), in a patient with severe mental retardation and epilepsy. This identification led us to do a cohort study for nucleotide alterations of ARHGEF9 and identified a novel nonsense mutation in a male patient with XLMR and epilepsy.
MATERIALS AND METHODS

Subjects and controls
The indicated patient 1 was registered to our ongoing study of genomic copy number aberrations after obtaining informed consent from the patient's family, following the permission approval process of the ethical committee of the institution.
For the cohort study for ARHGEF9 mutation analyses, we recruited 23 male patients, whose genetic etiologies had not been revealed even by microarray-based comparative genomic hybridization analyses, and whose clinical phenotypes were similar to patient 1 with severe mental retardation and epilepsy. One hundred DNA samples were accumulated from 50 male and 50 female Japanese volunteers and used for normal controls.
Microarray-based comparative genomic hybridization analyses
The genomic copy numbers were analyzed using the Human Genome CGH Microarray 44 K (Agilent Technologies, Santa Clara, CA, USA), as described previously. 8 In this study, genomic DNA was extracted from peripheral blood by using a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany).
Fluorescent in situ hybridization analyses
The detected aberration was confirmed by fluorescent in situ hybridization, as described previously, 8 with a bacterial artificial chromosome clone (RP11-943J20) as a probe, which was selected from the UCSC genome browser (http://www.genome.ucsc.edu).
Nucleotide mutation analyses for ARHGEF9
Genomic sequences of all exons of ARHGEF9 were analyzed by the standard PCR-direct sequencing method. The primers used for PCR and the big-dye sequencing reaction (Life Technologies, Foster City, CA, USA) are listed in Supplementary Table 1.
Expression study of ARHGEF9 transcript variants
According to the UCSC genome browser, ARHGEF9 has three transcript variants, including transcript variant 1 (NM_015185), transcript variant 2 (NM_001173479), and transcript variant 3 (NM_001173480) (Figure 1 , Supplementary Table 2). Although ARHGEF9 had been confirmed to be highly expressed in the brain, 9,10 functional relevance of transcript variant 2 was analyzed in this study. To confirm the expression of transcript variant 2 of ARHGEF9 in the brain tissues, reverse transcription-PCR was performed using specific primers for transcript variants 2 and 3. Transcript variant 3 was also analyzed to compare with transcript variant 2. The sense primers, Primer 1a (5¢-GTCAGCCCGCGACAACTCG-3¢) and Primer 1b (5¢-TGAGCTTCAA CATGGCCTCG-3¢), were specific for transcript variant 2 and 3, respectively (Figure 1 ). An anti-sense primer, Primer R (5¢CATCCTCCTGGTTCACCCAG-3¢), was on exon 3, which is common to both transcript variants. Skin fibroblasts and lymphocytes derived from healthy individuals were used for controls. Human Brain Total RNA (#636530) and Human Fetal Brain Total RNA (#636526) were purchased from Clontech Laboratories (Mountain View, CA, USA).
RESULTS
ARHGEF9 alterations
Microarray-based comparative genomic hybridization analysis showed a loss of genomic copy numbers at Xq11.1, with a length of 737-kb in patient 1 (Figures 2a and b) . This was the only pathogenic aberration detected in patient 1. By fluorescent in situ hybridization analysis, the targeted signal was negative in patient 1 (Figure 2c ), but it was hybridized to metaphase and interphase preparations from his parents; the results indicated de novo deletion in patient 1 (Figures 2d and  e) . His karyotype was indicated as 46,XY,del(X)(q11.1q11.1).ish del(RP11-943J20-).arr Xq11.1(62,321,746-63,058,548)x0.dn. The physical positions refer to March 2006 human reference sequence (NCBI36/hg18). The available web-based database, including the International Standards for Cytogenomic Arrays Consortium database (https://www.iscaconsortium.org/), DECIPHER (http://decipher.sanger.ac.uk/) and Database of Genomic Variants (http://projects.tcag.ca/ variation/) were analyzed, and there was no data of the small deletion overlapping with this region.
A nonsense mutation at the second codon of the transcript variant 2 of ARHGEF9 (c.4C4T, p.Q2X) was identified in patient 2 (Figure 3) . Analysis of his parental samples showed that his mother had the Loss-of-function mutation of collybistin K Shimojima et al same nonsense mutation. We could not get informed consent for segregation analysis in this family. This nonsense mutation was not found in 100 normal control DNA samples.
Expression study of ARHGEF9 transcript variants
The results of reverse transcription-PCR confirmed the expression of transcript variant 2 in the brain (Figure 4a ). Direct sequencing of these PCR amplicons confirmed the specific splicing of transcript variants 2 and 3, and expression of transcript variant 1 was not detected (Figure 4b, Supplementary Figure 1 ). and occipito-frontal circumference of 32.5 cm (10-25 centile). He is the only child of healthy parents. His mother had a healthy elder brother. The maternal grandmother had a healthy brother and two female siblings. There are no other patients with mental retardation in this family (Supplementary Figure 2) . He started to show psychomotor developmental delay in his early infantile period, with head control at 4 months, rolling over at 6 months, sitting at 12 months and walking alone at 24 months. He suffered convulsive seizures at the age of 20 months. His seizures were intractable for many anti-epileptic drugs. The electroencephalogram findings helped diagnose his epileptic status as continuous spike and wave during sleep. Brain magnetic resonance imaging findings indicated the presence of right frontal polymicrogyria (Figures 5c-f) . At present, he shows normal stature with a height of 109 cm (50-75 centile), weight of 15.3 kg (10-25 centile) and occipito-frontal circumference of 52 cm (75-90 centile), without any dysmorphic findings. He shows severe developmental delay; he cannot speak any words and his walking is ataxic.
DISCUSSION
In this study, a male patient (patient 1) with severe mental retardation and epilepsy showed a de novo nullisomy of Xq11.1 in which only one OMIM gene, ARHGEF9, was included. Such a small deletion including only ARHGEF9 has not been previously reported in the literature and is not found in the web-based database. ARHGEF9 encodes collybistin, a brain-specific GEF for the Rho GTPase cell division cycle 42, small Rho-like GTPases, [11] [12] [13] and it has a pivotal role in the formation of postsynaptic glycine and g-aminobutyric acid receptor clusters. 7 Collybistin has been shown to be expressed in the brain and essential for the gephyrin-dependent clustering of a specific set of g-aminobutyric acid receptors at inhibitory postsynaptic sites, and is also known to affect the plasticity and polarity of the eukaryotic actin cytoskeleton and to alter cell signaling transduction pathways. 9, 10, 14, 15 Figure 3 Sequencing analysis for exon 1a shows a C to T transition at the fourth nucleotide in patient 2, which indicates p.Q2X. 
Loss-of-function mutation of collybistin K Shimojima et al
Collybistin is required for both the initial localization and maintenance of gephyrin and gephyrin-dependent g-aminobutyric acid receptors at inhibitory postsynaptic membrane specializations in the hippocampus. 16 Previously, some other ARHGEF9 mutations have been reported. The first reported missense mutation, p.G55A in the SH3 domain, was found in a male patient with severe mental retardation, hyperekplexia, drug-resistant seizures and premature death. 10 This missense mutation may have a dominant-negative effect and lead to a severe phenotype caused by somatic and dendritic trapping of gephyrin and receptors by collybistin aggregates. 10 Compared with this, Xp11.1 nullisomy and the nonsense mutation identified in this study lead to loss-of-function of ARHGEF9.
The other previously reported mutations were ARHGEF9 disruptions caused by balanced chromosomal rearrangements discovered in two female patients with neurological phenotypes, including sensory hyperarousal, a disrupted sleep-wake cycle, late-onset epileptic seizures, increased anxiety, aggressive behavior and mental retardation. 17, 18 Generally, X chromosome inactivation is randomly observed. However, patients with balanced translocation involving X chromosome often show non-random inactivation in normal X chromosome. Indeed, the reported female patients with X chromosome rearrangements showed non-random inactivation, which inactivated the normal X chromosome having a normal copy of ARHGEF9. Consequently, the patients showed low expression of ARHGEF9 and suffered mild mental retardation and sensory hyperarousal, but no hyperekplexia. 17, 18 Although these female patients with X chromosome imbalances are specific cases, these findings suggested that ARHGEF9 is related to various phenotypes and would be a candidate gene for XLMR associated with epilepsy. 17, 18 Previously Marco et al. 17 analyzed the nucleotide sequences of ARHGEF9 in 477 mentally retarded males, and there was no pathogenic mutation. The three previously reported patients showed mental retardation and were associated with various types of epilepsies. Thus, we performed the cohort study focused on the male patients associated with epilepsy and identified a nonsense mutation, p.Q2X, in patient 2 who showed severe mental retardation and epilepsy. This nonsense mutation is located on exon 1a of ARHGEF9, which is used only in the transcript variant 2 of ARHGEF9 (Figure 1) . As the other two transcript variants do not include this exon, this nonsense mutation does not influence the functions of those two variants. Thus, we studied the relevant importance by reverse transcription-PCR analysis for the transcript variants of ARHGEF9 in the brain RNA samples. The results confirmed high expression of the transcript variant 2 in the brain samples, including the adult and fetal brain samples (Figure 4) . Thus, this nonsense mutation would lead to loss-of-function of the transcript variant 2. This nonsense mutation was not found in 100 normal controls, but was found to be inherited from the patient's healthy mother. Segregation pattern of this nonsense mutation in this family would be supposed to give us important knowledge; however, we could not get permission to analyze it. From these results, we think that this nonsense mutation of the transcript variant 2 identified in patient 2 would be responsible for the severe mental retardation and epilepsy seen in patient 2 with the X-linked recessive trait.
In this study, we identified loss-of-function alterations of ARHGEF9 in two male patients. The common characteristics of both patients were severe mental retardation, epilepsy and abnormal brain magnetic resonance imaging findings. Both patients suffered epilepsy after reaching 1 year of age. These clinical features are different from those of previously reported patients. 10 The clinical features may be dependent on the differences in mutation types. The missense mutation identified in the patient with hyperekplexia might have a dominant negative effect on collybistin. 10 The ARHGEF9 disruptions derived from X chromosome rearrangements in female patients with sensory hyperarousal would also have some other mechanisms. 17, 18 The common features of all ARHGEF9 mutations were mental retardation and epilepsy. Therefore, ARHGEF9 is likely to be responsible for syndromic XLMR associated with epilepsy.
The microdeletion of Xq11.1 identified in patient 1 of this study included two unknown transcripts, other than ARHGEF9. One is the spindlin family, member 4 (SPIN4) and the other is non-coding RNA (Homo sapiens hypothetical LOC92249). Because patient 1 showed high stature, which was not seen in patient 2, this additional feature may be derived from the other transcripts included in the deletion region.
